The medaka is becoming an attractive model organism for the study of vertebrate early development and organogenesis and large-scale mutagenesis projects that are aimed at creating developmentally defective mutants are now being conducted by several groups in Japan. To strengthen the study of medaka developmental genetics, we have conducted a large-scale isolation of ESTs from medaka embryos and developed tools that facilitate mutant analysis. In this study, we have characterized a total of 132,082 sequences from both ends of cloned insert cDNAs from libraries generated at different stages of medaka embryo development. Clustering analysis with 3-prime sequences finally identified a total of 12,429 clusters. As a pilot analysis, 924 clusters were subjected to in situ hybridization to determine the spatial localization of their transcripts. Using EST sequence data generated in the present study, a 60-mer oligonucleotide microarray with 8,091 unigenes (Medaka Microarray 8K) was constructed and tested for its usefulness in expression profiling. Furthermore, we have developed a rapid and reliable mutant mapping system using a set of mapped EST markers (M-marker 2003) that covers the entire medaka genome. These resources will accelerate medaka mutant analyses and make an important contribution to the medaka genome project.
Introduction
The medaka is a model vertebrate of increasing interest in developmental and evolutionary biology (Ishikawa, 2000; Wittbrodt et al., 2002; Naruse et al., 2004b) . In addition to common shared features with zebrafish, medaka has several advantages i.e. a smaller genome (about 800 Mb, half the size of the zebrafish genome), the existence of polymorphic and highly fertile inbred strains and the fact that they are growth permissive at a wide range of temperatures in embryonic development. Recently, largescale mutagenesis projects have been initiated by several groups in Japan (Wittbrodt et al., 2002) and are delivering a vastly expanded pool of medaka mutant stocks. For both phenotype analysis and for candidate gene approaches, there is now an urgent need for the isolation of medaka genes and a comprehensive analysis of their expression patterns. Until recently, however, there have been few developmentally important genes isolated from medaka.
The expressed sequence tag (EST) approach is a useful technique for large-scale cloning and characterization of cDNAs (Nishikata et al., 2001; Clark et al., 2003; Lo et al., 2003) for deciphering genome sequences (Dehal et al., 2002) . In addition, this approach is valuable in the studies of mRNA expression profiles at the single gene level, from unbiased cDNA libraries, as this provides information on the composition and the relative abundance of these transcripts. The substantial sequence data can also be used for a high-density array of oligonucleotides or cDNAs to measure the levels of gene expression for thousands of genes simultaneously. The use of microarrays could also play an important role in candidate gene identification, as comparison of wild-type and mutant embryos will allow us to identify affected transcripts that correspond to a candidate gene or a candidate pathway for a particular mutant phenotype. Such comparisons may also reveal putative functions of mutated genes by allowing us to assess the impact of this mutation on an entire pathway.
Mutated genes, obtained by ENU mutagenesis, can be cloned either by a candidate gene approach or by chromosomal walking. In either case, high density genetic linkage maps are essential. Naruse et al. (2004a) recently published a linkage map with nearly 800 ESTs; a calculated marker density of one marker per Mb. A linkage map was definitely needed with more EST or genetic markers, and a medaka EST project was therefore an appropriate approach to facilitate this. Indeed, because of the high degree of polymorphisms between southern and northern Japanese inbred strains (reviewed in Wittbrodt et al., 2002; Naruse et al., 2004b) , most cloned ESTs can be mapped by length polymorphisms following gel electrophoresis of PCR fragments (Naruse et al., 2000 (Naruse et al., , 2004a .
Prior to this study, only about 20,000 medaka EST sequences were available, largely due to the work of Dr Shima's group at the University of Tokyo. These ESTs were generated, however, from cDNA libraries of both adult tissue and cultured fibroblasts, but not from embryos. In this report, we describe the large-scale isolation of ESTs from developing medaka embryos in which we have sequenced both ends of approximately 65,000 clones from cDNA libraries of segmentation-to fry-stage embryos with a total of about 130,000 EST sequences analyzed. Based on their 3 0 sequences, more than 12,000 clusters were identified. Using this sequence information, microarrays with 8,091 unigenes (clusters) have been generated and tested for their applicability to gene expression analyses. Furthermore, the expression patterns of 924 clusters were examined at the segmentation stage. Finally, we have constructed a set of primers of EST genetic markers, M-marker 2003, to function as a rapid mapping system for mutated genes. In M-marker 2003, two mapped EST markers showing length polymorphisms between northern and southern strains were selected for each linkage group. Bulked segregation analyses with M-marker 2003 greatly facilitated rapid identification of a linked chromosome. Thus, one purpose of this paper is to introduce new medaka genetic resources that have been developed in our laboratory, and make them freely available through our web site, which is cited in the text.
Results and discussions
2.1. Construction of cDNA libraries and sequencing analysis Table 1 lists the cDNA libraries used in the present study As most medaka mutants are of southern Japanese origin, we used the southern strains Hd-rR (inbred) or d-rR (closed colony), and focused on the following three developmental stages, st. 23, st. 35 and st. 40 (Fig. 1A) . St. 23 is the socalled 'segmentation stage' when most organ rudiments start to develop and medaka embryos normally reach this stage at 1.5 days at 28 8C. At 5 days after fertilization, embryos reach st. 35, by which time the circulatory system including the heart has fully developed. Stage 40 is the frystage during which embryos were collected just after hatching at 9 -10 days; this is the stage when their organs start to become differentiated or matured. Among the five cDNA libraries that were used in this study, four were generated from oligo-dT primed cDNAs without any PCR amplification or normalization. One library, a full-length fry library, was made by an oligo-capping method that includes a PCR amplification step (Maruyama and Sugano, 1994) . Sequences from the full-length library were therefore excluded when we discuss the abundance of transcripts. In each library 11,000 -16,000 colonies were randomly picked and sequenced at both ends of the cDNA inserts. The EST sequences that we generated are all available on the public database (accession #: SSA, BJ000001-BJ028697; FSA, BJ487005 -BJ518596; SSB, BJ518597 -BJ543792; 5DA, BJ704106 -BJ727005; FFA, BJ727006 -BJ750702). 
Overall distribution of sequences
Sequences from the 3 0 -most ends were compared using the FASTA program (Pearson and Lipman, 1988) and this analysis categorized 66,288 sequenced clones into 12,429 independent clusters. As shown in Fig. 1A , each developmental stage has a significant number of unique clusters, which may reflect differential gene expression during development. Fig. 2A shows the prevalence of the distribution of cluster sizes i.e. the total number of clusters in each cluster size is shown. The mitochondrial respiratory enzymes, cytochrome oxidase subunits 1 and 3, comprised the largest and third largest clusters, respectively, with the second largest found to be apolipoprotein A1, which may be involved in lipid metabolism in the yolk (Fig.  2B ). Cytoskeletal proteins, such as the various kinds of actin and keratin, are also found in the top 10 clusters. The top three clusters are composed of over 600 out of 66,268 clones Table 1 ). (B, C) Pie chart showing BLAST hits (B) and the relative proportions from each category (C) of the total number of 15,311 clusters. that had been successfully sequenced at their 3 0 ends, and thus each of these clusters represents about 1% of the total RNA from a medaka embryo. However, more than half of the clusters (6,782) contain only one clone, whereas onethird of them (4,028) were only identified 2-4 times. Thus, 87% of the clusters (10,810) were identified less than four times. Although our isolation of ESTs may not yet be saturated, these results indicate that most clusters represent rare mRNAs (at least less than 10 24 or 0.01%). Sequences of the 5 0 -ends of the clusters were subjected to BLASTX analyses and further classified into 10 categories based on either their putative functions or cellular localization according to the Gene Ontology (GO) Consortium (Ashburner et al., 2000) (Fig. 1C) . Sequences constituting about 51% of the total clusters displayed no significant similarity to any known sequences or ESTs in the public database (Fig. 1B) . We set the score at . 150 for the threshold values in clustering the sequences of the 3 0 -most ends. At this value (89% sequence identity and 30 bp overlap), some paralogous genes could be included into a single cluster due to their high similarity. To estimate overclustering, we chose 947 clusters with a relatively large size (from 153 to 12 clones) and performed alignments using their sequences of both ends. We found that at least 15 clusters contained clones that might be derived from different genes (i.e. paralogous genes), suggesting that overclustering did happen but at a frequency of less than 2%. Furthermore, under normal conditions a small fraction of isolated EST clones are thought to come from genomic contamination rather than from cDNAs. Such clones usually appear as a singleton ( Fig. 2A) . Because of limited information on medaka genomic sequence, we are currently unable to estimate the precise level of contamination. In situ hybridization analyses (see below) may be informative: 9% of selected clusters did not show any positive signal and thus most likely were derived from genomic DNA. This issue will be addressed more definitively in the near future with the completion of the medaka genome sequencing project (reviewed in Naruse et al., 2004b). 
Distribution of sequences at each medaka developmental stage
The cluster sizes in non-normalized primary libraries indicates the relative abundance of the corresponding transcripts. Fig. 3A shows the top 10 clusters in each library and Fig. 3B indicates their frequency (normalized per 10,000 clones) at the three chosen developmental stages of medaka. Most clusters encode structural proteins or metabolic enzymes such as keratin and cytochrome oxidase, but there is a tendency in older embryos for the more muscle-related genes to become abundant, such as tropomyosin and creatine kinase. This is largely due to the fact that the most sizeable tissue in fry embryos is the myotome in the trunk region. CLSTR00163 (apoliprotein A-1), CLSTR00005 (cytochrome oxidase subunit 3) and CLSTR00044 (Cytochrome oxidase subunit 1) are abundant at all stages examined (red in Fig. 3A ), whereas the segmentation stage tends to have unique top 10 clusters such as heat shock protein 27. In general, there is a similarity in the abundant clusters between st. 35 and st. 40 and indeed, seven out of the top 10 clusters are shared by both stages (red and blue in Fig. 3A ), although they also both have a large number of unique clusters as indicated by Fig. 1A .
Construction of microarrays-medaka microarray 8K
Microarrays are a recently developed tool that makes possible to examine the expression profile of thousands of genes simultaneously (Lo et al., 2003; Gu et al., 2004) . To take advantage of our large-scale medaka EST information, we generated a custom cDNA microarray of the genes expressed during medaka development by selecting 8,091 out of the 12,429 clusters identified in the present study. The microarrays were synthesized by Agilent Technologies, by using 60-mer synthetic oligonucleotides designed using the 3 0 ends of these 8,091 clusters (referred to as Medaka Microarray 8K, Fig. 4A ). Among the selected clusters, 3,629 are singletons that mostly represent rare transcripts.
To demonstrate the usefulness of Medaka Microarray 8K, we used it to investigate gene expression patterns at the three developmental stages (st. 23, st. 35 and st. 40) from which we isolated ESTs. Two rounds of experiments were performed comparing the expression profile at st. 23 with st. 35 and at st. 23 with st. 40. Complementary RNA (cRNA) from st. 23 was labeled with Cy3, and from st. 35 and st. 40 with Cy5, and both fluorochrome probes were hybridized on the same array. Normalized intensities for each fluorochrome were obtained by a global normalization method (Quackenbush, 2002) . In the two independent analyses, the intensities of Cy3 (#1 for comparison with st. 35 and #2 for fry stage) were almost identical with a linear regression ðR ¼0.9929; Fig. 4B upper) , when the expression intensity was more than 500, indicating that the intensity on each spot could be directly compared between different experiments. We therefore, set a lower limit threshold of 500 for further analyses. When compared between the different stages ( Fig. 4B, lower) , the spots become variably distributed, reflecting their different gene expression profiles. Table 2 lists the top 10 clusters whose expression intensities show large differences between st. 23 and st. 35 and between st. 35 and st. 40. The changes in intensity at different developmental stages are shown in Fig. 4C -E. To validate these data, the intensity of each cluster was compared with the frequency of the clones identified in non-normalized cDNA libraries used for EST isolation ( Table 2 , right columns). The intensities in the microarray at each stage are largely consistent with the frequencies of clones in each cDNA library, indicating that both parameters reflect actual abundance of the corresponding transcripts. For example, the expression intensity of CLSTR04901 (ADP/ATP translocase) is less than the threshold of 500 at st. 23 and increases by 1,167 at st. 35, finally reaching 6,496 at st. 40. In accordance with this profile, the frequency of clones identified per 10,000 clones at each stage is 0, 2.5 and 18.1, respectively. Finally, we examined a gene showing tissue-specific expression. We chose the cluster CLSTR05488 (intestinal fatty acid binding protein (I-FABP)) whose expression pattern had been examined by in situ hybridization. The expression of I-FABP is restricted to the intestinal epithelium and begins to be detectable by in situ hybridization at around st. 26. This expression gradually increases at st. 35 and finally peaks at around st. 40 (the hatching stage). The intensity of I-FABP in the microarray and the frequency of the corresponding clones in the libraries match this expression pattern; the expression intensity is 218 at st. 23, 547 at st. 35 and 4,950 at st. 40 (Fig. 4F) , whilst the clone frequency is 0.0, 0.8 and 5.0, respectively.
Based on these findings, we conclude that the Medaka Microarray 8K can provide a reliable tool for embryonic gene profiling experiments until such time as we obtain microarrays of almost all of the expressed genes at each medaka developmental stage, including adult, which would probably amount to 20,000-30,000 unigenes. At present, we are analyzing the expression profiles of medaka mutants with Medaka Microarray 8K to identify the defective pathways that account for the mutant phenotypes. Furthermore, we are planning to increase the size of the microarray by two-fold (16,000 unigenes) in the near future to extend its availability to adult stages, as we will continue to isolate ESTs from cDNA libraries of various sources including adult tissues. The arrays are commercially available from Agilent Technology.
Spatial localization of selected clusters at the segmentation stage
To gain information on the spatial localization of transcripts, we performed whole-mount in situ hybridizations using a high-throughput method on a 96-multiter plate. As a pilot experiment, 924 clusters selected from the st. 23-cDNA library (SSA) were subjected to in situ hybridization. When selecting clusters, we excluded apparent housekeeping genes and well known developmentally important genes such as no tail and bmp4, and focused on segmentation-stage embryos in which the first dynamic phase of organogenesis is initiated. Fig. 5 summarizes the results obtained. Overall, 9% (86) of the hybridizations were negative for any signal (Fig.  6A) , 30% (281) showed ubiquitous signals (embryonic body plus yolk region; Fig. 6B ) and 25% (226) were expressed in the entire embryonic body (embryonic body, Fig. 6C ). Histological sections of some of the samples showed that, in most cases that are classified as embryonic body, the staining is restricted to the epidermis of the embryo region (Fig. 6C  0 ) . This staining pattern has not been previously reported for similar in situ screenings in either zebrafish or medaka (Kudoh et al., 2001; Henrich and Wittbrodt, 2000; Nguyen et al., 2001; Henrich et al., 2003) . At present, the reason for frequent appearance of this staining pattern is unknown, and we confirmed that sense probes of some of these clones did not show any positive staining. The only discrepancy between the present study and others that have reported in situ screenings, could be our use of non-normalized cDNAs instead of the commonly used normalized libraries.
A total of 36% (331) of the clusters were judged to have restricted expression patterns, which is comparable to the results obtained for Xenopus in situ screening with nonnormalized cDNA libraries (Gawantka et al., 1998) . Among those clusters, more than half (65%) are expressed specifically in the CNS (CNS W, Fig. 6D ). Their expression, however, is rather uniform in the neural tube as confirmed by histological sections (Fig. 6D 0 ), and only 5% of 331 clusters show region-specific expression in the CNS (Fig. 6H) . The second largest group of clusters with restricted expression is seen in yolk cell-related tissues (12%, Fig. 6E ), in which only the embryonic body is devoid of staining. A third group showed a 'salt-and-pepper' pattern in the whole embryo-and/or yolk-related tissues ( Fig. 6F and G) . Histological sections of some of those samples revealed that the salt-and-pepper expression in the yolk region tends to be confined to cells in the endodermal layer surrounding the yolk (arrowheads in Fig. 6G  0 ) . About 10% of the clusters exhibit tissue-or region-specific expression in tissues other than the CNS, such as the tailbud, somite and notochord (Fig. 6I , J, K). 
A rapid mapping system for medaka mutations using the EST markers-M-marker 2003
Since a growing number of medaka mutants have been isolated by several laboratories, the establishment of a systematic mapping system is urgently required to facilitate the rapid identification of mutated genes. The first step in the positional cloning of mutated genes is their approximate assignment to a genomic region or chromosome (linkage group). To expedite this step, a PCR-based bulked segregation analysis (BSA) has been employed in several organisms including zebrafish (Rawls et al., 2003) . BSA identifies either dominant or co-dominant markers, linked to particular mutations, by differential amplification of fragments from the genomic DNA pools of the wild-type and corresponding mutant siblings. To construct a reliable marker set for PCR-BSA, we used the EST resources generated in the present study.
As reviewed elsewhere (Wittbrodt et al., 2002; Naruse et al., 2004b) , the northern and southern Japanese medaka populations differ from each other in many morphological, behavioral and genetic characteristics. In spite of these differences, they inter-breed normally and produce hybrid offspring. Subsequent sequencing comparisons of orthologous loci revealed single nucleotide polymorphisms (SNPs) between the two populations at a frequency of more than 1% within exons and more than 3% in introns, in addition to many insertions and deletions (Ohtsuka et al., 1999 and Naruse et al., 2000) . Due to the considerable genetic variation between the two populations, 80% of the amplified EST fragments that appeared as a single band by PCR showed length polymorphisms between the two strains, either directly (PCR-length polymorphism, PLP) or following digestion with commonly used restriction enzymes (restriction fragment length polymorphism, RFLP). Those polymorphic EST fragments can thus be mapped to a specific linkage group by conventional gel electrophoresis, using a reference typing DNA panel from backcross progenies between northern and southern inbred lines (Naruse et al., 2000) . Among our recently mapped EST markers, we constructed a set of polymorphic PLP markers that cover the entire medaka genome (Fig. 7) . We have examined 391 mapped markers (T.J. and H.T., personal communication) out of which we selected 48 (two per each linkage group, LG). This marker set is referred to as Mmarker 2003 and all markers were selected so as to meet the following criteria: First, the marker fragments can be consistently amplified by PCR from genomic DNA pools of the northern (HNI and Kaga) and southern (AA2, cab, Quart, Hd-rR and d-rR) strains; Second, the amplified fragments directly show length polymorphisms in conventional gel electrophoresis without further enzyme digestion, i.e. PLP (Fig. 8A) ; Finally, in each linkage group, two selected makers are located at a certain distance from each other (Fig. 7) . The map positions of these markers were determined by using a reference typing DNA panel from 39 cell lines derived from back cross progeny of male meioses between HNI and AA2 inbred strains (Naruse et al., 2000) .
In our system, once 30 mutant and 30 wild-type siblings are obtained from F1 incross progeny, the rough mutation map position can be determined in one day; two pools of genomic DNAs are amplified by 48 pairs of PCR primers on a 96-well plate, followed by gel-electrophoresis. To validate this system, we mapped two newly isolated medaka mutants, 107-5 and UT006, that are ENU-induced recessive mutants of a d-rR origin, in which trunk-tail development is affected (data not shown). DNAs from 30 mutant embryos and wild-type siblings from a mapping cross (107-5 or UT006/d-rR X HNI) were subjected to BSA with M-marker 2003 (for detail see Materials and Methods). By comparing the intensities of each amplified PCR fragment from northern and southern origins, the 107-5 and UT006 mutants were easily assigned to LG9 and LG13, respectively. As shown in Fig. 8B ,C, unlinked marker fragments of southern and northern origins from a mutant pool show intensities equal to those in a wild-type pool, whereas in the case of linked markers, the fragment of southern origin (mutant strain) is the only one detectable or is the most preferentially amplified. Further detailed mapping using a greater number of individual mutants revealed that the distance between the nearest M-marker and each mutation is 24.0 cM for 107-5 and 3.6 cM for UT006 (Fig. 8B,C) . Based on this distance range, the northern-derived fragment varies from almost undetectable, in the case of the nearest M-marker (MF01SSA026H05), to less intense fragments relatively distant to the mutations (Fig. 8B,C) . Indeed, differences in fragment intensities can still be detected in the marker, MF01SSA038G10, which is located at a separation of 34.8 cM (in case of 107-5). Usually, two markers on the same linked LG similarly behave on a gel (both show a preferential amplification of southern origins), which allows us to determine the LG with confidence. So far, we have succeeded in mapping all of the mutants examined (more than 10) using this method, confirming the reliability of the system. High resolution mapping, using a large number of mapped markers and genomic DNA samples must follow the rapid rough mapping to confirm and narrow down the positions of mutated loci.
The resolution of map positions determined by our system is not high enough to localize a mutation to region covered by small numbers of BACs. Despite this drawback, there are many benefits from even a low-resolution map in terms of candidate gene analysis. Furthermore, since the primers in M-marker 2003 have been adjusted for the most commonly used strains (HNI, Kaga, cab, Hd-rR, d-rR, Qurt and AA2), our system can be applied to any medaka mutant isolated thus far. The primer sequences for our 48 markers, and the gel electrophoresis images for HNI, Kaga, cab and d-rR strains are shown in the Appendices of this paper and are also available through http://medaka.lab.nig.ac.jp/. Wittbrodt's group at EMBL recently developed a similar marker system (Martinez-Morales et al., 2004) , and we are currently working together with them to explore the possibility of generating a more complete and universal version of the marker set so that it can be applied to any mutant background with a high degree of accuracy.
Conclusion
Here we report the first large-scale isolation of ESTs from medaka embryos in which a total of 132,082 sequences were determined. Large-scale EST sequencing alone has resulted in the isolation of marker genes for the analysis of mutant phenotypes, as well as contributed to the generation of genetic markers for mapping of mutated genes. EST data will also aid in the identification of genes that are not easily detected from within the large mass of genomic sequences being produced by the Medaka Genome Project at the National Institute of Genetics (reviewed in Naruse et al., 2004b) . Starting with the large-scale isolation of medaka ESTs, we have developed several important resources for medaka developmental genetics. These include an expression database containing 924 clusters, a microarray with 8,091 unigenes and a rapid mapping system using selected EST markers. We hope that with the use of these resources, developmental genetics of the medaka will rapidly expand and soon become comparable and complimentary to that of zebrafish.
Finally, we recently established a web site, http:// medaka.lab.nig.ac.jp, that includes all of our EST sequence information, images of in situ hybridization results, a list of the cluster names selected for both in situ hybridization (924) and microarray (8,091) analyses, and also detailed information on the M-marker 2003 system (mapping methods, primers and gel images). EST clones isolated in the present study are freely distributed upon request to HT (htakeda@biol.s.u-tokyo.ac.jp).
Experimental procedures

Construction of cDNA libraries
The d-rR (closed colony) and Hd-rR (inbred) strains of southern Japanese medaka populations were kindly Equivalent amounts of DNA were pooled from southern and northern strains and were subjected to PCR amplification using the set of 48 M-markers. The amplified products were resolved in 9% acrylamide gels and further stained with ethidium bromide. Under our conditions, both northern and southern strainderived fragments exhibit length polymorphisms, although the band intensities sometime vary between them. In each LG, the d-rR/HNI pool is on the left and the cab/Kaga pool appears on the right. For further details, see Appendix B1 and B2. (B, C) Two mutants, 107-5 and UT006 are assigned to LG 9 and LG13, respectively. DNAs were isolated from 30 mutant and 30 wild-type siblings from F1 intercross progenies of heterozygous mutant (southern strain) and wildtype HNI strains. If the markers are linked, the southern strain-derived bands become more intense, whereas the northern strain-derived bands diminish. If a marker is close to the mutant locus, the northern-derived bands are sometimes undetectable, such as MF01SSA026H05 (C). Note that even in the case of the distant M-marker, MF01SSA038G10 in LG9, that is located 38.8 cM from the 107-5 locus, a northern-derived band is less intense (B), indicating that the resolution of this system is sufficient to assign a mutant locus to a single LG.
provided by Drs K. Ozato and Y. Wakamatsu of the Nagoya University and Dr Y. Ishikawa of the National Institute of Radiological Sciences, respectively. Fishes were maintained under a long photoperiod, 14 h light and 10 h dark, at an incubation temperature of about 28 8C. Under these conditions, medaka spawn daily within 1 h of the onset of light for a number of consecutive days. Fertilized eggs were harvested within 3 h of spawning and incubated at 30 8C with continuous gentle shaking until they reached an appropriate stage for use. Total RNA was isolated from embryos at st. 23, st. 35 and st. 40, using ISOGEN (Nippongene) according to the manufacturer's instructions. The staging of medaka embryos was based on the method described by Iwamatsu (1994) . The quality of RNA was analyzed using a 2100 Bioanalyzer (Agilent Technologies).
SSA, SSB, 5DA and FSA cDNA libraries (Table 1) were made by Takara Shuzo Inc., During the procedure, poly(A) þ RNA was converted to double stranded cDNA containing an EcoRI site at the 5 0 -end and an XhoI site at the 3 0 -end, and the cDNAs were subsequently ligated to pBSII-SK(-) using these sites. A full-length cDNA library of st. 40 (FFA) embryos was made, using an oligo capping method (Maruyama and Sugano, 1994) , by Toyobo.
Sequencing, clustering and similarity searches of ESTs
Clones were randomly picked and cDNA inserts were PCR amplified for sequencing. Successful amplification of PCR products was confirmed by agarose gel electrophoresis. After purification, the PCR fragment sequences were determined by conventional procedures using the Big-Dye terminator kit on ABI3700 or 3730XL at the Academia DNA Sequencing Center, National Institute of Genetics, Japan. Quality clipping was based on phred quality values, i.e. a window of 5 bp in size was slid through the quality files from both sides, and the clip positions (left/right) were determined by the first window position, where a threshold of phred-value 20 was exceeded. Vector masking was performed by crossmatching. In our study, each sequence averaging 500 -550 bp in length showed 99.5% accuracy. The sequences of the 3 0 -most ends were compared using the FASTA program (Pearson and Lipman, 1988) and the threshold values for clustering were 150 for similarity scores, 89% for sequence identity and 30 bp for overlaps. The public database (NCBI) was searched with the 5 0 -most sequences of clusters using BLASTN and BLASTX.
Microarray analysis
Microarrays with 8,091 clusters were synthesized by Agilent Technology 60-mer oligonucleotides were designed, based on the 3 0 sequences of the corresponding clones using the company's software and were spotted onto glass slides. For expression analysis, first-strand cDNA was prepared from 5 mg total RNA with Moloney murine leukemia virus reverse transcriptase (MMLV-RT) and oligo-dT24 primers, which was flanked by a T7 promoter sequence, and this was followed by secondstrand DNA synthesis. cRNA was synthesized with T7 RNA polymerase and second-strand DNA as a template in the presence of aminoaryl-UTP. cRNA from st. 23 was labeled with cyanine 3 (Cy3) and cRNAs from st. 35 and st. 40 were labeled with cyanine 5 (Cy5). The quantities of the labeled cDNAs were adjusted, using the intensity values of Cy3 and Cy5 fluorescence. Hybridization was performed at 60 8C for 17 h and scanning was carried out with an Agilent scanner (Agilent Technologies). The obtained images were converted to numerical data by a dedicated software feature control (Agilent Technologies). Fluctuations at st. 35 and st. 40 were compared with st. 23 and normalization between samples was performed with the global normalization method (Quackenbush, 2002) using whole spot data.
In situ hybridization
In situ hybridization was performed using digoxigeninlabeled RNA probes and carried out using robotic equipment (In Situ Pro, Abimed, Germany).
Bulked segregation analysis and M-marker 2003
For mapping mutations, our protocol for BSA with Mmarker 2003 is described below. This protocol was strictly adhered to when mapping 107-5 and UT006. The primer sequences of the M-markers are shown in Appendix A Interbreeding of medaka strains for the generation of a mapping panel Genomic DNA extraction 1. Wash each embryo with ddH 2 O and place each embryo into a sterile 1.5 ml tube. 2. Freeze embryos at 2 80 8C. 3. Add 200 ml of TNES-6U buffer (10 mM Tris -HCl, pH 7.5; 125 mM NaCl; 10 mM EDTA; 1% SDS; 6 M Urea) and homogenize with a plastic pestle. 4. Add 5 ml of proteinase K solution (20 mg/ml) and incubate at 37 8C overnight.
5. Add 300 ml of phenol/chloroform solution (TE saturated phenol: chloroform: Isoamyl Alcohol ¼ 25: 24: 1) and mix well for 10 min by inversion. 6. Centrifuge at 10,000 rpm at room temperature. 7. Transfer aqueous phase to a new tube and add 500 ml of diethyl ether, mix by inversion. 8. Centrifuge at 5,000 rpm for 2 min and remove ether and lipid phase. 9. Add 20 ml of 5 M NaCl and 500 ml of 100% cold Ethanol (2 20 8C) to the aqueous phase and incubate at 2 80 8C for 1 h. 10. Centrifuge at 15,000 rpm for 15 min at 4 8C. 11. Remove supernatant and add 1 ml of cold 70% Ethanol (2 20 8C). 12. Centrifuge at 15,000 rpm for 10 min at 4 8C and remove supernatant. 13. After drying add 250 ml of TE solution.
PCR amplification of M-markers from the DNA pools 1. Make a genomic DNA mixture of 30 mutant embryos (1 ml each, total 30 ml) and also of 30 wild-type siblings as a control (1 ml each, total 30 ml). 2. Label the left half of a 96-well PCR plate as 'mutant', the right half as 'wild-type'. (Columns 1-6 are used for mutant, 7-12 are used for wild-type control). 3. Dispense 2 ml of each M-marker (5 mM stock) to the corresponding wells in the left (mutant) and the right (wild-type) halves. (48 markers are used for the analysis of a total 24 linkage groups). 4. Prepare 2 sets of PCR master mixes in 1.5 ml tubes (875 ml each; see below). 5. Add 25 ml of mutant DNA mixture to one PCR master mix and 25 ml of wild-type DNA to the other. 6. Add 4 ml of Ex Taq polymerase (TaKaRa) to both tubes. Mix well by pipeting. 7. Dispense 18 ml of the mutant DNA/PCR master mix to the wells in the left (mutant) half of the plate. 8. Dispense 18 ml of the wild-type DNA/PCR master mix to the wells in the right (wild-type) half of the plate. 9. Cover the PCR plate with a silicon rubber lid. Spin down by centrifugation. 10. Run thermocycling program.
875 ml PCR master mix (TaKaRa Ex Taq): (10 £ ) Ex Taq Buffer 100 ml, (10 £ ) dNTP Mixture (2.5 mM each) 80 ml in 875 ml ddH 2 O PCR conditions 95 8C 120 s 1 cycle 95 8C 30 s, 55 8C 30 s, 72 8C 60 s 30 cycles 72 8C 300 s 1 cycle Store products at 4 8C Separation of PCR products (Native PAGE) 1. Prepare 6.2 ml of separation gel mixture (9% acrylamide) per gel. 2. After polymerization of separation gel, add 2 ml of stacking gel mixture. 3. A 4.5 mm pitch 18 well sample comb is used for making sample slots. 4. Irradiate with fluorescent light to polymerize stacking gel. 5. Prepare six acrylamide gels. 6. Assemble electrophoresis apparatus. 7. Fill the buffer chamber with Tris -Glycine buffer (0.0625 M Tris, 0.048 M Glycine) 8. Apply DNA ladder to the first slot of the first gel. 9. Apply the PCR products from the first column of the left (mutant) half of the plate to alternate slots of the first gel (10 ml each). 10. Apply the PCR products from the first column of the right (wild-type) half of the plate to the remaining slots of the first gel (10 ml each). 11. Repeat for the second to sixth gels. 12. Run the gels at 300 V for 50 min. 13. Stain the gels with ethidium bromide for 5 min. 14. Check the gels under a UV illumination and take photographs.
Determination of the candidate linkage group for a specific mutation 1. Compare the PCR band patterns obtained from both wild-type and mutant template DNA. 2. Identify M-markers showing a different band pattern between wild-type and mutant. If the mutant locus is linked with a certain M-marker, the southern strainderived band in a mutant pool is preferentially amplified and thus more intense compared with that in a wild-type pool. If the loci are close, only a southern medaka strain band is visible with a northern strain band undetectable.
Stock solutions for polyacrylamide gel are as follows (Davis, 1964) . 
